Energy requirements can be estimated from resting energy expenditure (REE). However, little is known about factors influencing REE in Japanese female athletes. This study was performed to evaluate the relationship between REE and body composition in Japanese female athletes with a wide range of body sizes. Ninety-three athletes (age 20.3 Ϯ 1.2 y, height 162.8 Ϯ 6.4 cm, body weight (BW) 57.0 Ϯ 9.2 kg, fat-free mass (FFM) 45.4 Ϯ 6.2 kg) were classified into three groups according to BW: small-size (S) ( n ϭ 34), medium-size (M) ( n ϭ 34), and large-size (L) ( n ϭ 25). Systemic and regional body compositions (skeletal muscle (SM), fat mass (FM), bone mass (BM), and residual mass (RM)) were estimated by dual energy X-ray absorptiometry (DXA). Measured resting energy expenditure (REEm) was evaluated by indirect calorimetry. Marked differences were found in REEm (S: 1,111 Ϯ 150, M: 1,242 Ϯ 133, L: 1,478 Ϯ 138 kcal/d), and systemic and regional body compositions among the three groups. REEm was strongly correlated with FFM, and absolute values of RM and SM increased significantly according to body size. There was good agreement between REEm and estimated REE (REEe) from the specific metabolic rates of four major organ tissue level compartments. These data indicate that REE for female athletes can be attributed to changes in organ tissue mass, and not changes in organ tissue metabolic rate. That is, change in REE can be explained mainly by the change in FFM, and REE can be assessed by FFM in female athletes regardless of body size.
Summary Energy requirements can be estimated from resting energy expenditure (REE). However, little is known about factors influencing REE in Japanese female athletes. This study was performed to evaluate the relationship between REE and body composition in Japanese female athletes with a wide range of body sizes. Ninety-three athletes (age 20.3 Ϯ 1.2 y, height 162.8 Ϯ 6.4 cm, body weight (BW) 57.0 Ϯ 9.2 kg, fat-free mass (FFM) 45.4 Ϯ 6.2 kg) were classified into three groups according to BW: small-size (S) ( n ϭ 34), medium-size (M) ( n ϭ 34), and large-size (L) ( n ϭ 25). Systemic and regional body compositions (skeletal muscle (SM), fat mass (FM), bone mass (BM), and residual mass (RM)) were estimated by dual energy X-ray absorptiometry (DXA). Measured resting energy expenditure (REEm) was evaluated by indirect calorimetry. Marked differences were found in REEm (S: 1,111 Ϯ 150, M: 1,242 Ϯ 133, L: 1,478 Ϯ 138 kcal/d), and systemic and regional body compositions among the three groups. REEm was strongly correlated with FFM, and absolute values of RM and SM increased significantly according to body size. There was good agreement between REEm and estimated REE (REEe) from the specific metabolic rates of four major organ tissue level compartments. These data indicate that REE for female athletes can be attributed to changes in organ tissue mass, and not changes in organ tissue metabolic rate. That is, change in REE can be explained mainly by the change in FFM, and REE can be assessed by FFM in female athletes regardless of body size. Key Words female athletes, resting energy expenditure, body composition, body size, fatfree mass Energy balance is a primary concern in most female athletes. Much of the effort of training can be lost when energy intake is insufficient to match that expended, as both body fat and body protein will be used for energy. In addition, if energy intake is limited or restricted, the ability to obtain other essential nutrients necessary for optimal sport performance and good health will be compromised. Previous studies suggested that chronic energy deficit have been implicated in health problems of female athletes such as disturbance of menstruation, osteopenia, eating disorders and anemia (1) (2) (3) . Therefore, it is essential to properly manage the energy intake matched with energy requirement in female athletes.
Energy requirement can be estimated from resting energy expenditure (REE). Estimated energy requirement (EER) is calculated using the estimation equation based on REE in the Dietary Reference Intakes for Japanese, 2010 (DRIs) ( 4 ). In most sedentary healthy adults, REE accounts for approximately 60% of total daily energy expenditure (5) (6) (7) . It is well documented that REE is influenced by age, sex, body size, and body composition, including an individual's fat-free mass (FFM) or fat mass (FM) (8) (9) (10) . In fact, these factors are usually included in prediction equations for REE ( 9 , 11 , 12 ) , and three of these variables (age, sex, and FFM) generally account for 80% of the variability in REE in healthy adults ( 13 ) .
On the other hand, very little is known about the REE of physically active individuals, especially female athletes. Generally, athletes have a lower percentage of body fat and greater FFM than their sedentary counterparts. There have been only two previous reports regarding measured REE and its determinant factors in Japanese female athletes ( 14 , 15 ) . These reports indi-E-mail: taguchi@jwcpe.ac.jp cated that FFM is the best predictor of REE for female athletes with a narrow range of body weight.
FFM comprises heterogeneous metabolic compartments ( 16 , 17 ) , including skeletal muscles and intestinal organs with lower and higher metabolic rates, respectively. Body size and body composition of female athletes vary widely among different types of sport and different weight classes. For example, in sports where the body weight (BW) must be moved a long distance, such as distance running, a lean physique with small body size can offer a competitive advantage. Meanwhile, heavyweight judo wrestlers and shot putters gain a great deal of competitive advantage through having a large frame with a higher volume of FFM. However, REE in female athletes with a wide range of physiques and the relationship between REE and body size have not been investigated.
Moreover, it is not known whether changes in REE occur as a consequence of exercise training resulting from changes in metabolic rate or changes in organ tissue mass in female athletes. Using the magnetic resonance imaging (MRI) technique, Midorikawa et al. ( 18 ) reported that the metabolic rate per unit of organ tissue mass remains almost constant between sumo wrestlers with large organ tissue mass and sedentary controls. They demonstrated that it is important to determine organ tissue mass to estimate REE in sumo wrestlers who have larger body size. However, hormonal condition, especially production of sex hormones, is clearly different between males and females, and therefore there is no definite evidence that this condition applies just as much to female athletes as to sumo wrestlers.
Usui et al. ( 19 ) evaluated the possibility that measurement of the magnitude and distribution of fundamental somatic heat-producing units using dual energy X-ray absorptiometry (DXA) can be used to estimate REE in both young and elderly female subjects with different aerobic fitness levels. Four major organ tissue level compartments which included adipose tissue (AT), skeletal muscle (SM), bone mass (BM), and residual mass (RM) were evaluated with DXA. RM, which is the difference between body mass and other measured components (i.e., AT, SM, and BM), includes all of the organ tissue with a high metabolic rate, such as the heart, brain, liver, kidneys, spleen, and gastrointestinal tract, whereas the low-metabolic rate compartments include adipose tissue, skeletal muscle, and bone. They found that REE can be estimated from four organ tissue components as described above in adult females regardless of age and aerobic fitness. In this previous study, none of the subjects participated in regular high-intensity exercise training. Moreover, subjects were within a narrow range of BW. Consequently, it is not clear whether similar findings can be applied to female athletes who are physically active and have a wide range of BW.
The aim of the present study was to evaluate the relationship between REE and body composition in Japanese female athletes with a wide range of body size.
METHODS

Subjects.
Ninety-three female collegiate athletes participating in various sports, such as track and field events, swimming, lacrosse, basketball, judo, rhythmic gymnastics, rowing, cheerleading, badminton and weight lifting, were recruited for the study. All of the subjects competed in the national and/or Kanto region intercollegiate games in Japan. Subjects were classified into three groups according to their BW: small-size athletes ( Ͻ mean BW Ϫ 0.5SD), S, n ϭ 34; medium-size athletes (mean BW Ϯ 0.5SD), M, n ϭ 34; and large-size athletes ( Ͼ mean BW ϩ 0.5SD), L, n ϭ 25. Table 1 presents the composition of the each group. Informed consent was obtained from each subject prior to the study through detailed explanation of experimental procedures. The study protocol was approved by the Institutional Ethical Committee Review Board of Japan Women's College of Physical Education for use of human subjects in accordance with the Declaration of Helsinki.
Body composition analysis. BW was measured with minimal clothing using an electronic scale (UC-321; A&D Co., Ltd., Tokyo, Japan) under fasting conditions in the morning, and height (Ht) was measured using a stadiometer (ST-2M; Yagami Inc., Tokyo, Japan). Body mass index (BMI) was calculated by dividing BW in kilo- Middle and long distance runners ( n ϭ 9) Lacrosse players ( n ϭ 10) Shot putters ( n ϭ 7) Rhythmic gymnasts ( n ϭ 6) Swimmers ( n ϭ 9) Rowers ( n ϭ 5) Lacrosse players ( n ϭ 5)
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grams by the square of height in meters (kg/m 2 ). The percentage of body fat and bone mineral content (BMC) of the whole body and appendicular lean soft tissue (ALST) were measured by DXA (Hologic QDR-4500 DXA scanner; Hologic Inc., Waltham, MA).
Organ tissue mass was calculated using a previously reported prediction model as follows. BM was calculated as BMC times 1.85 ( 20 , 21 ) . AT was calculated as FM times 1.18 ( 22 ) . SM was calculated using the prediction model of Kim et al. ( 23 ) . Finally, RM was calculated as the difference between BW and the sum of the calculated BM, AT, and SM, which can be expressed as BM(kg) ϭ BMC(g) ϫ 1.85/1,000,
Subjects were tested during the follicular phase of their menstrual cycle. After an overnight fast at our facility, the subjects were awakened at 06:30 and the REE was measured by indirect calorimetry. Resting heart rate (RHR) and basal body temperature were measured at the time of awakening. Subjects remained awake in the supine position at a comfortable room temperature (23-25˚C). After a 30min habituation period with the mask, two samples of expired gas were collected in Douglas bags for a duration of 10 min each, and the mean of the two values was used for analysis. The volume of expired gas was determined using a dry gas volume meter (DC-5; Shinagawa Corp., Tokyo, Japan). Oxygen and carbon dioxide concentrations were analyzed using an AE-300S (Minato Medical Science, Tokyo, Japan). Measured REE (REEm) was then calculated from the average of 20 min, using Weir's equation ( 24 ) .
Estimation of REE. Estimated REE (REEe) was based on the sum of four body compartments (BM, AT, SM, and RM) times the specific resting rate of each compart-ment as follows ( 22 , 25-28 ) : Blood analysis. Venous blood samples were taken after measurement of REE to analyze hemoglobin (Hb), serum iron (Fe), and serum ferritin (Fr) concentrations, as well as serum triiodothyronine (T 3 ), estradiol (E 2 ), and progesterone (Pr) levels. Hb was determined by SLS-Hb assay, Fe was determined by Nitroso-PSAP assay and Fr was determined by chemiluminescent enzyme immunoassay (CLEIA). T3, E2, and Pr were determined by electrochemiluminescence immunoassay (ECLIA). All blood parameters were analyzed by SRL, Inc. (Tokyo, Japan).
Aerobic fitness test. Maximal oxygen consumption (V · O2max) was determined using a computerized system (AE-300S) with continuous monitoring of oxygen and carbon dioxide during graded exercise leading to exhaustion on a cycle ergometer (Aerobike75XL-II; Combi Wellness Corp., Tokyo, Japan). Four criteria were used to determine the V · O2max: (1) leveling off of V · O2, (2) maximal heart rate Ͼ220Ϫage, (3) respiratory exchange ratio Ͼ1.1, and (4) rating of perceived exertion (RPE) Ͼ19 or 20.
Statistics. The data are expressed as meansϮSD for all variables. SPSS ver. 16 .0 was used for statistical analysis (SPSS Inc., Chicago, IL). The differences among the three body size groups were analyzed by one-way analysis of variance (one-way ANOVA) techniques and Scheffe's or Turkey's post hoc analyses, depending on the distribution of the data, were used to determine the differences when significance was determined by oneway ANOVA. The difference between REEm and REEe was examined using the paired t test. The level of statistical significance was set at pϽ0.05. Table 2 presents the characteristics of subjects. Ht, BW, BMI, FM, and FFM increased significantly in accordance with body size. The percentage of body fat was significantly lower in the S group than in the M and L groups. No significant differences in RHR, basal body temperature, or athletic history were observed among the three groups. Aerobic fitness level (V · O2max) in terms of mL/kg/min was significantly higher in the S than L group, and significantly lower in the L than M group. Table 3 shows the nutritional intake of the subjects. Both energy and carbohydrate intake levels were signif-icantly different among the three groups. However, intake level of macronutrients in terms of g/kg FFM/d and energy ratio were not different among the groups. The intake levels of other nutrients were almost the same in all groups except for iron intake. Table 4 shows the results of blood biochemical analysis. Hb, Fr, T 3, E2, and Pr concentrations were the same among the three groups. All data were within the respective normal ranges.
RESULTS
The absolute and relative values of the four organ tissue level compartments are presented in Fig. 1 . The absolute values of RM, SM, AT, and BM increased significantly in accordance with body size. In contrast, respective fractional contributions to body weight of RM decreased significantly according to body size (S: 31.9%, M: 30.2%, L: 27.1%). The respective fractional contribution to body weight of SM was significantly higher in the S (40.3%) than the M group (37.8%); AT was significantly lower in the S than the M and L groups (S: 20.3%, M: 24.8%, L: 26.6%); and BM was significantly higher in the S group compared to the M and L groups (S: 7.6%, M: 7.2%, L: 7.0%). Table 5 shows the REEm in the three groups. REEm in terms of kcal/d increased significantly in accordance with body size (S: 1,111Ϯ150 kcal/d, M: 1,242Ϯ133 kcal/d, L: 1,478Ϯ138 kcal/d). However, REEm in terms of kcal/kg FFM/d was not different among the three groups. REEm adjusted for differences in FFM was not different among the groups. Figure 2 shows a significant correlation between BW and REEm (kcal/d) in all subjects (rϭ0.81, pϽ0.001). Figure 3 shows a significant correlation between FFM and REEm (kcal/d) in all subjects (rϭ0.82, pϽ0.001).
REEe values of the three groups are shown in Fig. 4 . Organ tissue-derived REEe increased significantly in accordance with body size (S: 1,130Ϯ82 kcal/d, M: 1,279Ϯ73 kcal/d, L: 1,458Ϯ119 kcal/d). The absolute values of energy expenditure derived from four different organ tissues increased significantly in accordance with body size. The relative value of the energy expenditure derived from RM decreased significantly in accordance with body size. The relative value of the energy expenditure derived from SM in the L group was significantly higher than those in the S and M groups. The relative value of the energy expenditure derived from AT was significantly lower in the S group than in the M and L groups. The energy expenditure derived from BM had little impact on REEe. Figure 5 shows a significant correlation between REEm and REEe (rϭ0.77, pϽ0.001).
DISCUSSION
The major finding of the present study was that, in female athletes with a variety of body sizes, the increase in REE associated with body size depends on the increase in FFM, not on the elevation of organ tissue In the present study, REE and regional body composition were significantly different between female athletes with small and large body sizes. Each body size group included athletes participating in various types of sport. Previous studies (14, 15) recruited athletes of a narrow range of body size (Ht: 155-165 cm, BW: 48-60 kg). On the other hand, the subjects in the present study had a wide distribution of body size (Ht: 149-181 cm, BW: 38-83 kg). The S group included long distance runners, long distance walkers, and gymnasts. The Mgroup included swimmers and various types of ballgame athletes. The L group included judo wrestlers and shot putters. Therefore, no prior study was available which focused on REE in female athletes with a wide range of body sizes. Midorikawa et al. (18) demonstrated that although sumo wrestlers had a greater FFM by 25 kg and the REEm in terms of kcal/d was higher in sumo wrestlers than in non-athletic controls, the REE/FFM ratio was similar between the two groups. They also showed that the metabolic rates per unit of organ tissue mass remained almost constant between sumo wrestlers with large organ tissue mass and sedentary controls. However, there is no definite evidence that this condition applies just as much to female athletes as to sumo wrestlers because of the differences in body composition and hormonal balance between males and females.
In the present study, body composition was measured by DXA and organ tissue mass was calculated using the prediction model reported previously by Usui et al. (19) . Athletes with large body size had a large volume of each of the four organ tissues studied, RM, SM, AT, and BM, compared to those with small body size, as shown in Fig. 1 . Due to the lower metabolic rates of AT and BM, the relationship between body size and volume of SM and RM were examined. The sum of SM and RM volumes accounted for over two thirds of FFM in all subjects. FFM is not a single homogenous metabolic compartment (16, 17) . RM is a high metabolic rate compartment (54 kcal/kg), whereas SM (13 kcal/kg) and BM (2.3 kcal/kg) are included in low metabolic compartments. RM includes liver, kidneys, heart and brain. The sum of the respective fractional contribution of these organs to body weight is 5.48%; however, the sum of the relative values of the energy expenditure from these organs is 58%. When relative values of the energy expenditure of SM (22%) are added to the relative values of the energy expenditure of RM, it reaches 80% of the total energy expenditure. Therefore, it is possible that REE is markedly affected by the volume of SM and RM. In fact, the sum of the estimated energy expenditure from SM and RM was more than 90% of REE as shown in Fig. 4 . Differences in SM and RM between the L and S groups were 7.8 kg (40%) in SM and 2.4 kg (22%) in RM, respectively. The rate of increase in SM was double that in RM. In total, FFM (RMϩSMϩBM) was heavier by 13.8 kg (35%) in the L group compared to the S group. Thus, with increasing FFM, there was a corresponding increase in SM with a small increase in RM.
In the present study, REE in terms of kcal/d increased significantly in accordance with body size, and REE was strongly correlated with FFM over a wide range of body sizes (Fig. 3 ). However, it is not yet known whether the changes in REE occur as a consequence of exercise training resulting from changes in metabolic rate or organ tissue mass in female athletes. Previous studies showed that organ tissue specific metabolic rates are constant in healthy adults. Usui et al. (19) reported that although there were remarkable differences in systemic and regional body composition, no significant differences were observed between REEm and REEe regardless of age or aerobic fitness. Later et al. (29) found no evidence of body mass dependency of specific organ metabolic rate in healthy adults. Midorikawa et al. (18) also reported that there was a very good agreement between measured REE and calculated REE in sumo wrestlers.
To explore the possibility of changes in specific metabolic rate of organ tissues in female athletes, REEe was evaluated based on the sum of four body compartments times the specific metabolic rate, as noted above. The results indicated strong agreement between REEm and REEe (rϭ0.77, pϽ0.001) (Fig. 5 ). In addition, the increase in REEe in accordance with body size (Fig. 4) showed the same tendency of increase in FFM (Fig. 1) . That is, the increases in SM and RM volumes were shown to contribute markedly to the increase in REE. These data suggested that REE for female athletes may be attributable to changes in the organ tissue mass, and not to changes in the metabolic rate of organ tissues. Accordingly, REE can be assessed by FFM in female athletes regardless of body size.
Our investigation had some limitations. First, the weight of organ tissues could not be measured directly by MRI. Second, we did not observe the magnitude of the summed heat production by the organ tissue directly. DXA has a methodological limitation to measure each organ tissue mass and these metabolic rates.
In the present study, therefore, it was hypothesized that each of these organs with a high metabolic rate has a fixed percentage of RM (kg) among individuals. However, the hypothesis should be examined in a future study. Third, subjects were limited to collegiate athletes. Further studies are needed to determine inter-individual variation accompanying the changes in body mass and FFM by resistance exercise. Additionally, intra-individual variability after exercise at a certain level should be studied.
In conclusion, REE for female athletes can be attributed to changes in organ tissue mass, and not changes in organ tissue metabolic rate. Change in REE can be explained mainly by the change in FFM, and REE can be assessed by FFM in female athletes regardless of body size.
